WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 : 

B03C 5/02, G01N 33/487, C12M 1/34 



Al 



(11) International Publication Number: WO 98/10869 

(43) International Publication Date: 19 March 1998 (19.03.98) 



(21) International Application Number: PCT/GB97/02484 

(22) International Filing Date: 10 September 1997 (10.09.97) 



(30) Priority Data: 

9619093.9 



12 September 1996 (12.09.96) GB 



(81) Designated States: CA, JP, KR, SG, US, European patent (AT, 
BE, CH, DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, MC, 
NL, PT, SE). 



Published 

With international search report. 



(71) Applicant (for all designated States except US): SCIENTIFIC 

GENERICS LIMITED [GB/GB]; Marston Mill, Harston, 
Cambridge CB2 5NH (GB). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): AGER, Colin, Den- 
nis [GB/GB]; 25 Bentley Road, Cambridge CB2 2AW 
(GB). DAMES, Andrew, Nicholas [GB/GB]; 74 De Fre- 
ville Avenue, Cambridge, Cambridgeshire CB4 1HU (GB). 
PURVIS, Duncan, Ross [GB/GB]; 87 Mill Road, Roys- 
ton, Hertfordshrie SG8 7AJ (GB). S AFFORD, Nicholas, 
Archibald [GB/GB]; 61 Gwydir Street, Cambridge, Cam- 
bridgeshire CBl 1LG (GB). 

(74) Agent: SMART, Peter, J.; W.H. Beck, Greener & Co., 7 Stone 
Buildings, Lincoln's Inn, London WC2A 3SZ (GB). 



(54) Title: METHODS OF ANALYSIS/SEPARATION 




(57) Abstract 

Particles are separated according to their dielectrophoretic characteristics and electrorotation characteristics by the use of a travelling 
wave separation in which they flow from a departure point at an inlet (18) towards at least two destinations at outlets (16, 20) and are 
deflected toward one or other outlet according to their said characteristics by a travelling wave field set up on an array of electrodes, each 
electrode running generally in the direction of flow. 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the Pd\ 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


I lungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United Slates of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


UZ 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NK 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


ZW 


Zimbabwe 


CI 


C6te d'lvoirc 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






CU 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


LI 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







WO 98/10869 



-1- 



PCT/GB97/02484 



METHODS OF ANALYSIS /SEPARATION 

The present invention relates to methods for 
separating particles based upon the migration of particles 
in response to an electric field. 

By way of background, particles can be manipulated by 
subjecting them to travelling electric fields. Such 
travelling fields are produced by applying appropriate 
voltages to microelectrode arrays of suitable design. The 
microelectrodes may have the geometrical form of parallel 
bars, which may be interrupted by spaces to form channels 
and may be fabricated using standard metal sputtering and 
photolithographic techniques as described by Price, Burt 
and Pethig, Biochemica et Biophysica, Vol.964, pp. 2 21-230. 
Travelling electric fields are generated by applying 
voltages of suitable frequency and phases to the electrodes 
as described in "Separation of small particles suspended in 
liquid by nonuniform travelling field by Masuda, Washizu 
and Iwadare, IEEE Transactions on Industry Applications, 
Vol.IA-23, pp. 474 -480. Masuda and his coworkers describe 
how a series of parallel electrodes (with no channels) 
supporting a travelling electric field can, in principle, 
be used to separate particles according to their electrical 
charge and size (weight) . Masuda et al have not however 
described a practical demonstration of such a particle 
separation method. 

In a paper entitled "Travelling-wave dielectrophoresis 
of microparticles" by Hagedorn, Fuhr, Muller and Gimsa 
(Electrophoresis, Vol.13, pp. 49-54) a method is shown for 
moving dielectric particles, like living cells and 
artificial objects of microscopic dimensions, over micro- 
electrode structures and in channels bounded by the elect- 
rodes. The travelling field was generated by applying 
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voltages of the same frequency to each electrode, with a 
90° phase shift between neighbouring electrodes. 

In "Electrokinetic behaviour of colloidal particles in 
5 travelling electric fields: Studies using Yeast cells" by Y 
Huang, X-B Wang and R Pethig J. Phys. D. Appl . Phys. 26 
1993 1528-1535, an analysis supported by experiment is made 
of the "travel ling -wave dielectrophoresis" (TWD) effect 
described by Hagedorn et al (paper cited above) . The 
10 phenomenological equation 



^ = - 2 \y a 2 (0) im [ f ( e ;, e ; ) ] 

3 AT] 



is developed by Huang et al, to show that the TWD velocity 
is a function of the square of the particle radius (r) , the 

15 square of the electric field strength (A(0)), the periodic 
length of the travelling field (X) , medium viscosity (rj) 
and the imaginary part of the Clausius-Mossotti factor 
f U p *,e m *) defining the dielectric properties of the 
particle and the suspending medium in terms of their 

20 respective complex permittivities e p * and e m * . This 

equation provides, for the first time, a practical guide 
for the design of travelling wave electrode systems for the 
manipulation and separation of particles. 

25 Although the phenomenon in question is usually termed 

"travelling wave dielectrophoresis", this is something of a 
misnomer as the force which acts on the particles to 
produce translational movement is not the dielectrophoresis 
force but rather that which acts in electrorotation . This 

30 force is related to the imaginary component of the 

poiarisability of the particle within its surrounding 
medium. However, as is discussed in more detail below, 
particle migration only occurs for travelling wave 
frequencies which produce negative dielectrophoret ic forces 
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on the particle. (Dielectrophoretic forces are related to 
the real component of the polarisability of the particle 
within its surrounding medium.) These forces are respon- 
sible for lifting the particle away from the electrodes. 
5 We accordingly prefer to refer to the phenomenon called 

previously "travelling wave dielectrophoresis" by the name 
"travelling wave field migration" (TWFM) . As disclosed in 
W094/16821 we have established that to obtain TWFM, two 
separate criteria have to be met. First, a frequency must 
10 be selected at which the dielectrophoresis force acting on 
the particles is negative, i.e. such as to repel the 
particles from the electrodes. This, we have found 
requires the real component of the dipole moment induced in 
the particles to be negative. 

15 

Second, the frequency selected has to be such that the 
imaginary component of the dipole moment induced in the 
particles is non-zero (whether positive or negative) to 
produce a force displacing the particles along the array of 
20 electrodes. 

In all of these previous proposals where particles are 
separated on the basis of their TWFM behaviour, the 
particles are caused to migrate at different rates and 
25 those migrating faster are separated from those migrating 

more slowly or not at all. The sample volumes which can be 
handled are extremely small, being determined by the size 
of the apparatus. There is no flow of sample material 
through the separation apparatus. 

30 

DE 4127406 discloses the use of a travelling wave 
electrode array of parallel electrodes to draw particles 
along a path running transversely to the electrodes . 
Simultaneously, a field applied is from side to side of the 
3 5 electrode array to draw particles into one of two outlet 
channels (Fig. 2) . The separation of the particles is 
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therefore not due to differing travelling wave field 
migration properties but differing behaviour under the 
stationary electrophoresis field. The travelling wave 
field is used merely to produce movement of the particles 
5 through the apparatus. 

In "Electrostatic Manipulation of Biological Objects" 
(J. of Electrostatics 25 (1990) 109-123) Washiza describes 
a cell separator having an inlet and two outlets between 

10 which passes a flow of liquid containing cells. Each cell 
is held by dielectrophoretic attraction by a 1 mH 2 field 
and is investigated by means which is not described. Based 
upon the result of the investigation the cell is released 
by turning off the field and is either passed to a first 

15 outlet by the flow or is deflected to the second outlet by 
reapplication of the field to a second pair of electrodes. 
This does not involve separating cells according to their 
differing TWFM characteristics. 

20 In accordance with the present invention in contrast 

to the teaching of W094/16821, a flow of particles through 
the apparatus in a direction transverse to the direction of 
TWFM induced separation between the particles is used to 
enable larger volumes of sample to be processed. 

25 

Accordingly, in a first aspect, the present invention 
provides a method of separation of particles comprising 
passing a mixture of particles to be separated through a 
separator having departure point (e.g. an inlet) for 

30 particles to be separated and at least two designations, 
(optionally taking the form of two outlets) for separated 
particles, in which the particles are caused to move along 
a path from said departure point to said destinations and 
are subjected to a travelling wave field producing particle 

35 movement transverse to said path so as to separate said 
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particles such that differing particle populations reach 
respective ones of said destinations. 

The method may be operated with multiple separation 
5 stages arranged in parallel or in series. Thus there is 
provided a method as described above wherein said 
separator comprises multiple separation stages operating in 
parallel, each stage having a departure point for particles 
to be separated and at least two destinations for separated 

10 particles, in each of which stages the particles are caused 
to move along a path from said departure point to said 
destinations and are subjected to a travelling wave field 
producing particle movement transverse to said path so as 
to separate said particles such that differing particle 

15 populations reach respective ones of said destinations. 

There is also provided a method as described com- 
prising passing a mixture of particles to be separated 
through a said separator providing multiple separation 

20 stages each stage having a departure point for particles to 
be separated and at least two destinations for separated 
particles, in each of which stages the particles are caused 
to move along a path from said departure point to said 
destinations and are subjected to a travelling wave field 

25 producing particle movement transverse to said path so as 
to separate said particles such that differing particle 
populations reach respective ones of said destinations, 
with particles of a selected population being fed from the 
respective destination of each stage to the departure point 

30 of the next stage. 

Said particles are preferably microparticles . They 
may be biomolecules such as oligonucleotides, other DNA or 
RNA molecules, proteins, or peptides. They may be cells 
3 5 such as bacteria, oocytes, mammalian cells or other animal 
cells, plant cells, yeast cells or organisms such as 
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viruses or prions. They may be cell components such as 
chromosomes undergoing meiosis and mitosis. 

The particles of a selected population may be recycled 
5 to the departure point of the separator so that they will 
pass again through the separation process. 

The invention further provides apparatus for use in 
separating particles comprising a departure point and at 

10 least two destinations, means defining a path for particle 
movement between said departure point and said destin- 
ations, an array of electrodes spaced from one another and 
each extending generally in the direction of said path, and 
means for applying a travelling electrical field to said 

15 electrode array to produce travelling wave field migration 
of selected particles in said path in a direction trans- 
verse to said path such that said selected particles are 
preferentially directed to a respective one of said 
destinations . 

20 

Such apparatus may comprise multiple stages, each 
stage comprising a departure point and at least two destin- 
ations, means defining a path for particle movement between 
said departure point and said destinations, an array of 

25 electrodes spaced from one another and each extending 
generally in the direction of said path, and means for 
applying a travelling electrical field to said electrode 
array to produce travelling wave field migration of 
selected particles in said path in a direction transverse 

30 to said path such that said selected particles are prefer- 
entially directed to a respective one of said destinations, 
with said destination for the selected particles- of each 
stage or the or an other of said destinations of each stage 
being connected to the departure point of the next said 

3 5 stage. 
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Alternatively or additionally such apparatus may 
comprise multiple stages arranged to operate in parallel, 
each stage comprising a departure point and at least two 
destinations, means defining a path for particle movement 
between said departure point and said destinations in each 
stage, an array of electrodes spaced from one another and 
each extending generally in the direction of said path, and 
means for applying a travelling electrical field to said 
electrode array to produce travelling wave field migration 
of selected particles in said path in a direction trans- 
verse to said path such that said selected particles are 
' preferentially directed to a respective one of said destin- 
ations of each stage. 

The separation processes described herein may form 
part of or serve as an assay procedure, for instance by 
detecting the presence of certain particles by success in 
separating them, optionally made quantitative by counting 
the particles separated or otherwise assessing their 
numbers . 

To assist in the separation one may treat a population 
of said particles to form altered particles, which altered 
particles have TWFM properties distinct from those of the 
original particles, and produce translational movement of 
said altered particles by TWFM using conditions under which 
the movement of the altered particles is different from 
that which would be obtained using the original particles 
under identical conditions, so as to assist in the desired 
separation. 

The particles may be of a size to be visible using a 
light microscope (microscopic particles) or may be smaller 
(sub-microscopic particles) and may be detected using 
labels such as luminescent, fluorescent and electromagnetic 
radiation absorbent labels. 
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The nature of the treatment used to convert the 
original particles into altered particles can vary widely 
according to the nature of the particles. The treatment 
may involve forming complexes between the particles and a 
5 ligand. In some cases, the complex may involve a linking 
moiety connecting the particle and the ligand. The complex 
may further include a label connected to said ligand, 
optionally via a second linking moiety. The complex may 
involve numerous ligands bound to the particle. 

10 

The choice of linking moiety will obviously depend on 
the nature of the particle and the ligand. For instance if 
one wishes to capture a nucleic acid species (the ligand) 
on a plastics micro-sphere (the particle), the linking 
15 moiety will normally be chosen to be a nucleic acid or 

nucleic acid analogue oligomer having a sequence comple- 
mentary to that of the ligand or a part thereof. 

The linking moiety may be bound first to the particle 
20 and may then be a species having an affinity for the 

ligand. Preferably, said affinity for the ligand is a 
selective affinity such that the formation of the complex 
between the particle and the ligand is selective and 
provides at least a degree of identification of the ligand. 
25 Preferably, said affinity is highly specific and 

accordingly the said linking moiety bound to the particle 
which provides the selective affinity for the ligand may be 
an antibody or an antibody fragment having antibody 
activity, an antigen, a nucleic acid probe or a nucleic 
3 0 acid analogue probe having selective affinity for comple- 
mentary nucleic acid sequences, or avidin or an avidin-like 
molecule such as streptavidin. 



35 



Antibodies and antibody fragments having antibody 
reactivity are particularly preferred. There are known 
techniques suitable for coating antibodies on to the 
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surface of particles such as plastics micro-beads which are 
well known to those skilled in the art. Antibody coated 
particles are capable of recognising and binding corres- 
ponding antigens which may be presented on micro-organism 
5 cells or some other ligand. 

Methods are also known for binding oligonucleic acid 
probes to such micro-beads. Suitable techniques are by way 
of example described in WO93/01499. Where the linking 
10 moiety is a nucleic acid probe or a nucleic acid analogue 
probe, the resulting particle will of course be suitable 
for recognising and binding complementary nucleic acid 
sequences . 

15 The ligand may be chosen to increase the visibility of 

the particle or otherwise improve its detectability as well 
as to alter its TWFM characteristics. For instance anti- 
bodies bearing fluorophores or chromophores may be bound to 
the particle so that the complex so formed can be distin- 

20 guished from the starting particle by TWFM and detected by 
fluorescence or colour. 



Generally, the techniques which may be used in connec- 
tion with such altered particles are described in detail in 
25 W094/16821. 

The methods according to the invention may be employed 
in a wide variety of analytical applications including 
separation and analysis of samples containing cells for 

30 example, bacterial, mammalian, yeast, and insect cells or 
virus particles, and, biological macromolecules . Current 
methods of separating cells, for example flow cell cyto- 
metry, require expensive instrumentation, skilled operators 
and significant laboratory resources. The techniques also 

35 have limitations when there are many different cell popu- 
lations to be separated and when the cells of interest 
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represent less than a few percent of the total. For 
separation and analysis of modified biological molecules, 
or complexes between biological macromolecules, employed 
techniques include electrophoresis and chromatographic 
separation using gel-filtration or affinity chromatography. 
Although these, in some cases, provide adequate separation, 
for many applications they can be time consuming and have 
limited resolution. In addition, use of these methods can 
affect the equilibrium between biological complexes. For 
example, gel-filtration results in a significant dilution 
of the sample. Generally, these methods are limited as 
regards the sample volume they can cope with. 

Methods described hereafter according to the present 
invention allow some or all of these drawbacks to be 
addressed. 

Where in an analytical method according to the 
invention a complex between the particle and a ligand is 
produced, the ligand need not itself be the species to 
establish the presence, nature or quantity of which is the 
ultimate purpose of the analysis. Thus, the ligand may be 
a reagent in the analysis and the species of interest in 
the analysis may be another component of the complex, e.g. 
the linking moiety or the particle itself. Where a 
particle is altered by treatment with a reagent, it may be 
the particle or the reagent which is essentially to be 
studied. 

The process of TWFM described previously has been 
carried out using an array of linear, parallel electrodes 
subjected to phased electric fields normally such that 
every fourth electrode along the TWFM path is in phase. 
This periodicity defines the effective wave length of the 
travelling wave field produced. We have established that 
this wave length is optimally about ten times the average 
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diameter of the particle to be 
to 20 times or more preferably 
diameter. For particles which 
is the length in the direction 
5 which is of significance. 



moved under TWFM, eg from 5 
8 to 12 times said average 
are not roughly circular, it 
transverse to TWFM movement 



The electrodes may be formed, depending on the dimen- 
sions required, using any of the standard techniques for 
patterning and manufacturing microscopic structures. For 
10 example the electrodes can be produced by: 



screen printing; 



deposition of electrode material (eg by electroplating 
15 or sputter deposition) followed by one of the 

following patterning techniques: 

direct writing using an electron beam 
followed by etching (eg wet chemical 
20 etching, dry plasma etching or focused 

ion beam etching) ; 



writing by exposure through a 
photolithographically generated mask 
25 followed by etching - the mask may be 

generated for example by visible, ultra 
violet, X-ray or electron beam lithography; 

excimer laser ablation; 

30 

patterning followed by deposition of the electrode 
material (as in the X-ray LIGA process) . 



35 
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The invention will be further described and illus- 
trated by the following description of apparatus and 
methodology with reference to the accompanying drawings in 
which : 

Figure 1 shows a first embodiment of apparatus 
according to the invention; 

Figure 2 is a schematic view of the electrical 
connection of the apparatus of Figure 1; 

Figure 3 shows a second embodiment according to the 
invention in which multiple separation stages are arranged 
in parallel; 

Figure 4 shows in perspective view a third embodiment 
according to the invention in which multiple separation 
stages are arranged in series; 

Figure 5 shows the flow scheme and electrode layout of 
the apparatus of Figure 4 in plan view; 

Figure 6 shows a fourth embodiment according to the 
invention in which multiple separation stages are arranged 
in series; 

Figure 7 shows the flow scheme and electrode layout of 
the apparatus of Figure 6 in plan view; 

0 Figure 8 shows in schematic perspective view a modi- 

fied form applicable to the apparatus of Figure 4 or Figure 
6 ; and 

Figure 9 shows in schematic plan view a further modi- 
5 fied form applicable to the apparatus of Figure 4 or that 
of Figure 6 . 
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As shown in Figure 1, a first embodiment of apparatus 
according to the invention comprises a band of flexible 
substrate 10 of insulating material such as plastics sheet 
having printed thereon or otherwise formed thereon finely 
5 spaced conductive electrodes 12 extending parallel to one 
another across the width of the substrate 10. The sub- 
strate 10 is rolled into a cylinder and is placed in a 
cylindrical housing 14. An outlet tube 16 is provided at 
the outlet end of the apparatus communicating with the 
10 . central turns of the rolled substrate 10. 

As shown in Figure 2, the electrodes of the apparatus 
are wired such that every fourth electrode is connected in 
common to one of four voltage buses (1,2,3,4). A sinu- 
15 soidal voltage is applied to each of these which is 90° out 
of phase with respect to the next one and the previous one, 
i.e. 0°, 90°, 180° and 270°. 

A liquid containing particles to be separated may be 
20 introduced at the end 18 of the housing 14 and can perco- 
late through the spaces between turns of the roll of the 
substrate 10 to emerge at the outlet end 20 of the housing 
14. The application of a travelling wave electrical field 
to the electrodes 12 in the manner described in W094/16821 
25 via the connections shown in Figure 2 can be adjusted to 

cause travelling wave field migration of selected particles 
in the liquid across the array of electrodes 12 toward the 
centre of the apparatus. Depending upon the particles 
concerned, it may be possible to arrange for the travelling 
30 wave field migration conditions to be chosen such that a 

separate population of particles in the mixture migrates in 
the opposite direction towards the outside of the appara- 
tus. Alternatively, such a second population of different 
particles may be unaffected by the travelling wave field. 



35 
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By this means, chosen particles are caused to concen- 
trate in the centre of the apparatus and to flow out 
through the tube 16. The outflow from tube 16 may of 
course be introduced as the inlet fluid for a subsequent 
5 similar apparatus acting as a second stage and this process 
may be repeated indefinitely to obtain adequately separated 
particles. Of course, the particles concentrated to the 
centre of the apparatus may either be those of interest or 
may be those to be eliminated from the sample, leaving 
10 those of interest behind in the main flow. 

Optionally, the outflow from the outlet 20 of the 
apparatus may be recycled to the inlet 18 to provide a 
further opportunity for particles in the desired population 
15 to migrate into the centre and to find their way into the 
outlet tube 16. 

The embodiment shown in Figure 3 comprises a bank of 
linear separators each of which comprises a flat substrate 

20 22 bearing an array of electrodes 24 extending parallel to 
one another along the length of the substrate 22 so as to 
form a ladder of electrodes across the width of the subs- 
trate 22 within each separator stage. A flow diverter 26 
serves to separate a first outlet passage 28 from a second 

25 outlet passage 30 such that the outlet passage 28 collects 
liquid flowing down the left-hand side of the separator 
stage and the outlet 30 collects liquid flowing down the 
right-hand side. 

30 If a liquid containing two populations of particles is 

introduced at the top of the stage on the substrate 22 and 
is flowed down the substrate over the electrodes toward the 
separator 26, a travelling electrical field may be applied 
to the electrodes in the manner described previously to 

35 cause one population of particles to be displaced across 
the array of electrodes to the left and the other popu- 
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lation of particles to be displaced across the array of 
electrodes to the right or else to be unaffected. By this 
means, the outflow through the outlet 28 will be enriched 
with one population of particles and the outflow through 
5 the outlet 30 will be enriched with the other population. 
The track of a particular particle according to the first 
population of particles is shown by the arrow 32. The 
provision of numerous similar stages of the kind illus- 
trated enables large volumes of liquid to be handled. The 
10 outflow from either of the two outlets 28 and 3 0 may be 
forwarded to the inlet of similar apparatus for further 
separation. 

The apparatus shown in Figures 4 and 5 and the appara- 
15 tus shown in Figures 6 and 7 are essentially similar and 

may be described together. Each has a housing 4 0 defining 
a rectangular (in plan) cavity 42 into which there is an 
inlet 44 at one end of cavity 42 and an outlet 46 at the 
other end, such that the cavity forms a flow path between 
20 the inlet and outlet. Spaced along this flow path are a 
plurality of flow diverters 48 with each of which is 
associated an outlet 50 in the side wall of the housing. 
In the apparatus of Figure 4., the inlet and outlet 44, 46 
are to one side of the housing 40 and all the flow 
25 diverters 48 deflect flow to the opposite side, at which 

are located all the outlets 50. In the apparatus of Figure 
6, both the inlet 44 and the outlet 46 are on the centre 
line of the housing and alternate ones of the flow 
diverters are directed to opposite sides of the housing. 

30 

A ladder of electrodes 52 is provided each running the 
length of the housing 40, all parallel and equispaced. 
These are wired in the same way as described previously in 
four sets as shown in Figure 5. More electrodes would 
35 normally be present than are shown. 
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A liquid containing particles to be concentrated or 
separated will be introduced via inlet 44 and will be 
flowed through the apparatus by gravity or by the use of a 
pump. 

5 

A travelling wave field applied to the electrodes may 
be used to draw a first class of particles out of the main 
flow and to one side. In Figure 6, two classes of 
particles may be drawn aside, one in one direction and the 
10 other in the opposite direction. These may be withdrawn 

via the outlets 50, and as shown in Figures 5 and 7 may be 
recycled back to the inlet. A third class of particles, 
unaffected by the field may be collected in increased con- 
centration or purity from the outlet 46. 

15 

The flow through the apparatus may be continuous or 
may be intermittent, with pauses during which the particles 
are provided with time to migrate sideways under the 
influence of the field. 

20 

In Figure 8, there is shown an apparatus formed 
(conceptually) by curving the apparatus of Figure 4 or of 
Figure 6 into a closed circle out of the plane of the 
housing 40. An inlet/outlet 44 may be used to introduce a 

25 sample. By rolling the apparatus, gravity may be employed 
to provide a flow of sample parallel to the electrodes. 
Connection to the electrodes may be via a central rotating 
contact. The sample may make numerous passes around the 
apparatus before being withdrawn via the inlet /outlet 40 

30 and the outlets 50 after particles within the sample have 
been segregated by the application of a travelling field. 

Similarly, the apparatus shown in Figure 9 may con- 
cept ionally be formed by curving the apparatus of Figure 4 
3 5 or of Figure 6 around into a circle, this time in the plane 
of the housing 40. Once again the inlet 44 and the outlet 
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46 may be replaced by a combined inlet/outlet 44 or they 
may be arranged on opposite faces of the apparatus. A 
sample may be introduced and the apparatus may be tilted 
and precessed (e.g. by the use of an orbital shaker) to 
5 provide a gravity driven flow until the sample is withdrawn 
via the inlet/outlet 44 and the outlets 50, possibly after 
having made multiple circuits of the apparatus. 

In each of the forms of the apparatus shown in Figures 

4 to 9, the sample is subjected to multiple stages of 
separation in a series cascade so as to present partially 
purified material to the next stage each time and gradually 
to achieve increased separation. The flow from the lateral 
outlets 5 0 may be recycled to the inlet as shown in Figures 

5 and 7 if desired. 

Separate units of the kind shown in Figures 4 and 6 
may be connected in series so allowing different electrical 
conditions to be applied in each to remove other particles 
20 from the through flow. 



10 
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CLAIMS 

1. A method of separation of particles comprising passing 
a mixture of particles to be separated through a separator 

5 having a departure point (18) for particles to be separated 
and at least two destinations (16, 20) for separated par- 
ticles, in which the particles are caused to move along a 
path from said departure point to said destinations and are 
subjected to a travelling wave field producing particle 
10 movement transverse to said path so as to separate said 
particles such that differing particle populations reach 
respective ones of said destinations. 

2. A method as claimed in Claim 1, wherein said separator 
15 comprises multiple separation stages operating in parallel, 

each stage having a departure point for particles to be 
separated and at least two destinations (28, 30) for 
separated particles, in each of which stages the particles 
are caused to move along a path from said departure to said 
20 destina- tions and are subjected to a travelling wave field 
producing particle movement transverse to said path so as 
to separate said particles such that differing particle 
populations reach respective ones of said destinations. 

25 3. A method as claimed in Claim 1, comprising passing a 
mixture of particles to be separated through a said 
separator providing multiple separation stages each stage 
having a departure point (44) for particles to be separated 
and at least two destinations (46, 50) for separated 

3 0 particles, in each of which stages the particles are caused 
to move along a path from said departure point to said 
destinations and are subjected to a travelling wave field 
producing particle movement transverse to said path so as 
to separate said particles such that differing particle 

35 populations reach respective ones of said destinations, 

with particles of a selected population being fed from the 
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respective destination of each stage to the departure point 
of the next stage. 

4. A method as claimed in any preceding, wherein said 
5 particles are microparticles . 

5. A method as claimed in any preceding claim, wherein 
the particles of a selected population are recycled to the 
or a departure point of the separator. 

10 

6. Apparatus for use in separating particles comprising a 
departure point (18) and at least two destinations (16, 

20) , means (22) defining a path for particle movement 
between said departure point and said destinations, an 

15 array of electrodes (24) spaced from one another and each 
extending generally in the direction of said path, and 
means for applying a travelling electrical field to said 
electrode array to produce travelling wave field migration 
of selected particles in said path in a direction trans- 

20 verse to said path such that said selected particles are 

preferentially directed to a respective one of said destin- 
ations . 

7. Apparatus as claimed in Claim 6, comprising multiple 
25 stages, each stage comprising a departure point and at 

least two destinations, means defining a path for particle 
movement between said departure point and said destina- 
tions, an array of electrodes spaced from one another and 
each extending generally in the direction of said path, and 

30 means for applying a travelling electrical field to said 

electrode array to produce travelling wave field migration 
of selected particles in said path in a direction trans- 
verse to said path such that said selected particles are 
preferentially directed to a respective one of said des- 

35 tinations, with said destination for the selected particles 
of each stage or the or an other of said destinations of 
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each stage being connected to the departure point of the 
next said stage. 

8. Apparatus as claimed in Claim 6, comprising multiple 
stages arranged to operate in parallel, each stage com- 
prising a departure point and at least two destinations, 
means defining a path for particle movement between said 
departure point and said destinations in each stage, an 
array of electrodes spaced from one another and each 
extending generally in the direction of said path, and 
means for applying a travelling electrical field to said 
electrode array to produce travelling wave field migration 
of selected particles in said path in a direction trans- 
verse to said path such that said selected particles are 
preferentially directed to a respective one of said destin- 
ations of each stage. 
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